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FORMATION OF OXIDES OF NITROGEN I N  PULVERIZED COAL COMBUSTION 

BY 

D a n i e l  B iens tock , '  Rober t  L. Amsler,' and Edgar R. Bauer ,  J r .  3 

ABSTRACT 

Ni t rogen  o x i d e s  are a p o t e n t i a l  a tmospher ic  p o l l u t a n t .  T h e i r  

format ion  and decomposi t ion  were s t u d i e d  i n  an e x p e r i m e n t a l  p u l v e r -  

i z e d  furnace .  The concentrat- :on o f  n i t r o g e n  o x i d e s  (NO,) was a 

maximum i n  t h e  combustion zone and d e c r e a s e d  a s  the  combustion g a s  

c o o l e d .  A t  2 c o a l  burn ing  ra te  of  2 l b s  a n  hour  and 22  p e r c e n t  

e x c e s s  a i r ,  r e d u c t i o n  of  n i t r o g e n  o x i d e s  was o b t a i n e d  by s e l e c t i v e  

s e c o n d a r y - a i r  d i s t r i b u t i o n .  With 105 p e r c e n t  o f  t h e  s t o i c h i o m e t r i c  

a i r  fed t o  t h e  coa l -combust ion  zone and 17-percent  a d d i t i o n a l  a i r  

f e d  j u s t  beyond t h e  f lame f r o n t ,  6 2 - p e r c e n t  r e d u c t i o n  o f  NOx 

occur red  w i t h  good combustion e f f l c i e n c y .  Lowering t h e  q u a n t i t y  

o f  e x c e s s  a i r  lowered t h e  NOx c o n c e n t r a t L o n ,  b u t  a t  t h e  expense of 

combustion e f f i c i e n c y .  A t  22-percent  e x c e s s  a i r  f e d  t o  t h e  pr imary  

combustion zone ,  NOx c o n c e n t r a t i o n  i n  t h e  e f f l u e n t  was 550 ppm and 
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carbon i n  t h e  f l y  a sh  2.0 p e r c e n t .  A t  5 -pe rcen t  excess  a i r ,  t h e  NOx 

c o n c e n t r a t i o n  f e l l  t o  210 ppm and carbon i n  t h e  f l y  a sh  r o s e  t o  13.8 

p e r c e n t .  A t  s t o i c h i o m e t r i c  combustion t h e  NO, was 105 ppm a r e -  

d u c t i o n  of 81 p e r c e n t ,  and t h ?  carbon 42 .3  p e r c e n t .  R e c i r c u l a t i o n  

o f  combustion pas  was not a n  e f f e c t i v e  means of  lowering NOx 

format ion .  

INTRODUCTION 

Any combustion p r o c e s s  t h a t  produces h igh  tempera tures  i n  t h e  

p re sence  of  a tmospher ic  n i t r o g e n  and oxygen will y i e l d  n i t r o g e n  

ox ides  a s  a product .  A t  t h e  h igh  tempera tures  ob ta ined  i n  i n t e r n a l  

combustion engines  and i n  the rma l  power s t a t i o n s ,  b o i l e r s ,  and 

space  h e a t e r s  a p p r e c i a b l e  amounts of n i t r o g e n  ox ides  a r e  formed. 

Although n i t r i c  o x i d e  (NO) i s  t h e  predominant ox ide  formed d u r i n g  

combust-on, once emi t t ed  t o  t h e  atmosphere and has t ened  by s u n l i g h t  

coave r s ion  t o  t h e  d i o x i d e  (NO2) occur s .  Ni t rogen  d i o x i d e  h a s  not  

been cons ide red  a major a i r  p o l l u t a n t .  

c o n c e n t r a t i o n s  a s  h i g h  a s  0.45 ppm have been r e p o r t e d  i n  t h e  

atmosphere of major U.S .  c i t i e s  (13)4, it i s  w e l l  below t h e  th re sho ld  

Although ave rage  maximum 

level of  5 ppm sugzes t ed  by t h e  AmerLcan Conference o f  Governmental 

4 
Umlderlined numbers i n  p a r e n t h e s e s  r e f e r  t o  items i n  t h e  l i s t  of  
r e f e r e n c e s  a t  t h e  end of  t h i s  r e p o r t .  
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I n d u s t r i a l  H y g i e n i s t s  (1). Nit rogen  d i o x i d e ,  however, has been 

i n d i c t e d  as  a p r e c u r s o r  o f  smog by r e a c t i n g  photochemica l ly  w i t h  

hydrocarbons i n  t h e  atmosphere (?,l5). Recent ly  i t  h a s  been 

shown t h a t  i n d i v i d u a l s  s u f f e r i n g  from c a r d i o v a s c u l a r  d y s f u n c t i o n  

a r e  impaired by b r e a t h i n g  smog-laden a i r  ( L ) .  The C a l i f o r n i a  

Department of P u b l i c  H e a l t h  i s  c u r r e n t l y  e v a l u a t i n g  t h e  d a t a  on  

o x i d e s  o f  n i t r o g e n  and t h e i r  r o l e  i n  a i r  p o l l u t i o n  t o  de t e rmine  

whether  a i r  q u a l i t y  and motor v e h i c l e  emiss ion  s t a n d a r d s  should  

/ 

be adopted r e g a r d i n g  them (11). 

Changes i n  automotive-engine d e s i g n  and o p e r a t i o n  a r e  o n l y  

s l i g h t l y  e f f e c t - v e  i n  rcducing  e m i s s i o n s  o f  o x i d e s  o f  n i t r o g e n .  

On t h e  o t h e r  hand t h e  most promising methods a t  p r e s e n t  f o r  

reduclng  a u t o  exhaus t  hydrocarbons haec t h e  e f f e c t  of - n c r e a s i n g  

niLrogen o x i d e s  s l l g h t l y  (&). 

Barnhard and D i e h l  (5) showed t h a t  w i t h  a 2 - s t a g e  combust ion,  

reductLori o f  n i t r o g e n  o x i d e s  o c c u r r e d  i n  g a s -  and o i l - f i r e d  b o i l e r s .  

With 95 p e r c e n t  o f  t h e o r e t i c a l  a i r  through t h e  b u r n e r s  and 15 p e r -  

c e n t  through t h e  a u x i l i a r y  a i r  p o r t s ,  n i t r o g e n  o x i d e s  c o n c e n t r a t i o n  

f o r  both g a s  and o i l  f i r i n g  was reduced from 525 t o  385 ppm--a 27 

p e r c e n t  r e d u c t i o n .  On o i l  f i r i n g  w i t h  90 p e r c e n t  of  t heo re t i ca l  

a i r  through t h e  b u r n e r s  and t h e  b a l a n c e  through t h e  a i r  p o r t s ,  t h e  

NO, c o n t e n t  was reduced from 580 t o  305 ppm--a r e d u c t i o n  o f  47 p e r -  

c e n t .  Burners  f o r  new s t a t i o n s  o f  t h e  Southern  C a l i f o r n i a  Edison 

Company were des igned  f o r  two-stage combust ion (2) and e x i s t i n g  ones 

conver ted  when outages  c o u l d  b e  a r r anged  (A). 

J' , 
r. 



Sensenbaugh and J o n a k i n  (l4) showed t h a t  t a n g e n t i a l  f i r i n g  

gave  c o n s i s t e n t l y  lower  NO, c o n c e n t r a t i o n s  t h a n  h o r i z o n t a l  f i r i n g  

f o r  bo th  o i l -  and g z s - f i r e d  f u r n a c e s .  Because two-s tage  combustion 

i n t r o d u c e s  a d d i t i o n a l  c o n t r o l  problems t h e y  recommended s t a n d a r d  

t a n g e n t i a l  f i r i n g  r a t h e r  t hcn  two-s t age  combust ion  w i t h  h o r i z o n t a l  

f i r i n g  a s  a p r e f e r r e d  t e c h n i q u e  i n  r e d u c i n g  n i t r o g e n  o x i d e s  

forma t i o n .  

There h a s  been n o  work r e p o r t e d  i n  lower ing  n i t roge l1  o x i d e  

fo rma t ion  i n  c o a l - f i r e d  f u r n a c e s  d e s p i t e  t h e  l a r g e  r o l e  t h a t  c o a l  

p l a y s  i n  t h e  ene rgy  p i c t u r e - - a c c o u n t i n g  f o r  66 p e r c e n t  of t h e  

u t i l i t y  f u e l  marke t .  P r o j e c t i o n  of c o a l  used  i n  power g e n e r a t i o n  

i n d i c a t e s  a l a r g e  g a i n  from t h e  225 m i l l i o n  t o n s  i n  1 9 6 4 . t o  550 

m i l l i o n  t o n s  i n  1980 (12). 

Because of t h e  impor tance  o f  c o a l  combustion i n  t h e  p r o d u c t i o n  

o f  n i t r o g e n  o x i d e s  and t h e  p o l l u t i o n  p o t e n t i a l  of t h o s e  o x i d e s ,  a n  

expe r imen ta l  p rogram was unde r t aken  i n  c o o p e r a t i o n  wi th  t h e  U.S. 

P u b l i c  H e a l t h  S e r v i c e  t o  e v a l u a t e  t h e  f a c t o r s  i n  t h e i r  fo rma t ion .  
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EXPERIMENTAL APPARATUS 

Furnace - 
T h i s  s tudy  was conducted i n  a p u l v e r i z e d - c o a l - f l r e d  fu rnace  

capab le  of burn ing  1 t o  4 l b s  o f  c o a l  p e r  hour (E) .  The fu rnace  

i s  f i r e d  v e r t i c a l l y  downward i n t o  the pr imary  combustion chamber. 

The combustion gases  p a s s  under an a rch  i n  t h e  f i r s t  chamber, over 

a b a f f l e  i n t o  a l a r g e r  secondary chamber, and then  under a second 

a r c h  i n t o  t h e  fu rnace  breech  and o u t  t h e  s t a c k .  F igu re  1 shows a 

c r o s s - s e c t i o n  of  t h e  furnace .  The combustion a i r  i s  metered and 

d i v i d e d  i n t o  t h r e e  s t r eams .  The p r imary -a i r  s t r eam t r a n s p o r t s  

t h e  pu lve r i zed  c o a l  from t h e  c o a l - f e e d e r  o u t l e t .  The secondary-  

and t e r t i a r y - a i r  s t r eams  control the flame pattern and ma in ta in  

l g n i t i o n  s t a b i l i t y .  The secondary a i r  e n t e r s  t h e  fu rnace  through 

t h e  burner  i n  B tube  c o n c e n t r i c  w i t h  t h a t  c a r r y i n g  t h e  pr imary  

a r - c o a l  mix ture  and mixes wi th  t h a t  stream a t  t h e  burner  t i p .  

The t e r t i a r y  a i r  e n t e r s  through two tubes  a s  shown i n  f i g u r e  1. 

Thc t e r t i a r y  a i r  emerges h o r i z o n t a l l y  from a h o l e  near t h e  bottom 

o f  each tube t a n g e n t i a l l y  t o  t h e  flame. 

. .  

. .  

I 
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N i n e  a c c e s s  p o r t s  a r e  a v a i l a b l e  f o r  o b s e r v a t i o n  and sampling. 

Any o f  t h e s e  p o r t s  may be  f i t t e d  w i t h  a s i g h t  g l a s s  o r  a f l a n g e  t o  

admit a sampling probe .  The p o r t s  i n  f i g u r e  1, numbered 1 through 

4 and s t a c k ,  were used f o r  sampling, P o r t s  2 and 3 were a l s o  adapted  

f o r  a i r  i n j e c t i o n  d u r i n g  two-s tage  combustion. 

system p a r t  of t h e  combustion a i r  was prehea ted  t o  approximate ly  

1,900" F and d i s p e r s e d  a c r o s s  t h e  p a t h  of t h e  combustion g a s e s  

J u s t  beyond t h e  flame f r o n t .  F i g u r e  2 i s  a s e c t i o n a l  view o f  t h e  

a i r - i n j e c t i o n  system i n  p o s i t i o n  a t  p o r t  3. When a i r  i n j e c t i o n  was 

I n  t h e  a i r - i n j e c t i o n  

used a t  a . p o r t  t h a t  l o c a t i o n  could  not be sampled. 

Probe .- 

Gas samples were drawn from t h e  fu rnace  and t empera tu res  measured 

v i t h  a sh ie lded  a s p i r a t i n g  p robe ,  shown i n  f i g u r e  3 ,  These probes  

were b u i l t  s m a l l e r  i n  d i ame te r  than  commercially a v a i l a b l e  equ ip -  

ment because of t h e  l i m l t e d  volume o f  gas  a v a i l a b l e  f o r  a s p i r a t i o n  

i.n t h e  expe r imen ta l  furnace .  The probes  c a r r i e d  P t /P t -10  p e r c e n t  Rh 

thermocouples t o  measure tempera tures  a t  t h e  p o i n t  from which t h e  

samples were taken ,  The thermocouple i s  p r o t e c t e d  from e r r o r s  i n  

tempera ture  measurement by two c o n c e n t r i c  r a d i a t i o n  s h i e l d s .  The 

b a s e . , i s  t ape red  outward a t  each of  i t s  t h r e e  g a s  p o r t s  t o  a l l o t ?  

a g radua l  change of d i r e c t i o n  f o r  t h e  combustion g a s  minimiz ing  f l y  

ash  d e p o s i t i o n .  The probc i s  water -cooled  t o  t h e  base  of  t h e  

. .  

I 

i 

I 
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r a d i a t i o n  s h i e l d i n g .  Gas i s  a s p i r a t e d  through t h e  r a d i a t i o n  

s h i e l d i n g  t o  minimize  t h e  l o s s  o f  h e a t  by r a d i a t i o n  from t h e  

thermocouple .  The e f f e c t  o f  a s p i r a t i n g  gas upon t e m p e r a t u r e  

measurement is  shown i n  f i g u r e  4 .  With no a s p i r a t i o n  t h e  

Eemperature i n d i c a t e d  was 2,125O F. The i n d i c a t e d  t empera tu re  

. t i c reased  wi th  i n c r e a s i n g  volume o f  a s p i r a t i n g  g a s  u n t i l  a 

maximum tempera tu re  of  2 , 6 0 0 °  F was r eached  a t  55 SC'FH. 

A d d i t i o n a l  a s p i r a t i o n  d i d  no t  c a u s e  f u r t h e r  t e m p e r a t u r e  I n c r e a s e .  

Moving a t  a v e l o c i t y  o f  100 f t / s e c  t h e  g a s  i n  t h e  p robe  i s  quenched 

from >2,000" F t o  120"  F i n  0.02 second.  High c h i l l i n g  r a t e s  a r e  

n e c e s s a r y  t o  prevei1.t s i g n i f  Lcant d i s s o c i a t i o n  o f  t h e  n i t r i c  o x i d e .  

Sampling System 

The sampling sys t em i n c l u d i n g  t h e  probe  i s  shown i n  f i g u r e  5 "  

The sys t em i s  mob i l e  and i s  shown i n  p o s i t i o n  on  t h e  f u r n a c e  i n  

f i g u r e  6 One pump is h i g h  volume, low vacuum and s i r v e s  as t h e  

a s p i r a t o r .  The second pump i s  low volume, h i g h  vacuum and i s  

used t o  evacua te  sample f l a s k  and t u b i n g .  N i t r o g e n  ox ides  and 

combust ion  gas  a r e  sampled s i m u l t a n e o u s l y .  The n i t r o g e n  ox ides  

were ana lyzed  by  the p h e n o l d i s u l f o n i c  a c i d  method (2,k) and the 

r ema in ing  components i n  t h e  combustion g a s  were de termined  by 

i 

i 
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Figure  6.-  Sampling combustion gases  from exper imenta l  p u l v e r i z e d - c o a l -  
f i r e d  furnace .  
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. mass spec t romet ry .  The v a l u e s  of  n i t r o g e n  o x i d e s  r e p o r t e d  h e r e  
I 

i n c l u d e  NO p l u s  N02. 

s e p a r a t e l y .  For t h e  n i t r o g e n  o x i d e s  d e t e r m i n a t i o n  a 1,600 c c  

No a t t e m p t  was made t o  d e t e r m i n e  t h e s e  o x i d e s  

sample  was t aken .  L i g h t  t r a n s m i s s i o n  i n  t h e  t r e a t e d  sample was 

measured on a Bausch and  Lomb5 " S p e c t r o n i c  20" spec t ropho tomete r  

a t  a wavelength  o f  410 mE. 

F l y .  a s h  was sampled i s o k i n e t i c a l l y  from the s t a c k  d u r i n g  t h e s e  

t e s t s  and ana lyzed  f o r  c a r b o n  c o n t e n t  t o  d e t e r m i n e  t h e  e f f i c i e n c y  

o f  combust i o n .  

Coal - 
The c o a l  used  i n  these tes ts  was a h i g h - v o l a t i l e  B b i tuminous .  

The a n a l y s i s  is g i v e n  i n  t a b l e  1. This p a r t i c u l a r  c o a l  was chosen  

f o r  i t s  h i g h  a s h - f u s i o n  t e m p e r a t u r e  t o  e l i m i n a t e  p lugg ing  of t h e  

probe  caused  by mol t en  ash.  The c o a l  was ground so t h a t  95 p e r c e n t  

of i t  would p a s s  th rough  a 325-mesh s c r e e n  b e f o r e  be ing  p l aced  i n  

t h e  f e e d e r .  The f e e d e r  i s  a v i b r a t e d  screw of commercial  d e s i g n  

d r i v e n  by a v a r i a b l e  speed  d r i v e .  The screw d i s c h a r g e s  on t o  a n  

i n c l i n e d  p l a n e  s o  as t o  e1 ;mina te  p u l s a t i o n s  i n  t h e  c o a l  f eed  due  

t o  t h e  d o u b l e - l e a d  screw.  The c o a l  i s  p i cked  up by t h e  p r imary  

combust ion  a i r  as  i t  d r o p s  from t h e  i n c l i n e d  p l a n e .  

5 
Refe rence  t o  s p e c i f i c  makes o r  models o f  equipment i s  made t o  
f a c i l i t a t e  unde r s t and ing  and does  n o t  imply  endorsement of  such  
d e v i c e s  by t h e  Bureau o f  Mines.  
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TABLE 1.- Analysis of coal 

Ultimate, weipht percent 

Heating value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ash fusibility - inltizl deformation temperature- 

5.3 
7 7 . 1  

1.3 
6.9 
0.9 
8.5 

13 ,670 Btu/lb 

> 2,910° F 
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EXPERIMENTAL RESULTS 

E f f e c t  o f  A i r - t o - C o a l  R a t i o  

A s  a b a s e  c a s e ,  c o a l  was burned  a t  2 l b s  an  hour  w i t h  combustion 
l 

a i r  s u p p l i e d  a t  22 p e r c e n t  i n  e x c e s s  of s t c i c h i o m e t r i c  r equ i r emen t s .  

The t o t a l  combus t ion  a i r  was d i s t r i b u t e d  a s  fo l lows :  22  p e r c e n t  

p r imary ,  5 p e r c e n t  s econdary ,  and 73 p e r c e n t  t e r t i a r y .  Oxides  of 

n i t r o g e n  r eached  a maximum c o n c e n t r a t i o n  o f  780 ppm a t  t h e  p o i n t  

o f  h i g h e s t  measured  t e m p e r a t u r e  o f  t h e  f l a m e ,  2,440' F ,  and dec reased  

t o  550 ppm a t  t h e  s t a c k  a s  t h e  combustion g a s  c o o l e d .  A s  t h e  g a s  

c o o l s  n i t r i c  o x i d e  d i s s o c i a t e s  i n t o  N2 and 0 2 ,  however t h e  ra te  
Q 

o f  d i s s o c i a t i o n  d e c r e a s e s  r a p i d l y  w i t h  f a l l i n g  t e m p e r a t u r e .  Although 

t h e  t e m p e r a t u r e  o f  t h e  combustion g a s  l e a v i n g  t h e  s t a c k  i n  this 

e x p e r i m e n t a l  u n i t  i s  50O0-6OO0 F h i g h e r  t h a n  t h e  g a s  l e a v i n g  t h e  

s t a c k  from a power p l a n t ,  t h i s  a d d i t i o n a l  c o o l i n g  would have  v e r y  

l i t t l e  e f f e c t  on t h e  NO, c o n c e n t r a t i o n .  

550 ppm a t  4.0 p e r c e n t  oxygen i s  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  a t  

2 ,230"  F. Carbon c o n t e n t  i n  t h e  f l y  a s h  was 2.0 p e r c e n t  i n d i c a t i v e  

of a carbon combust ion  e f f i c i e n c y  o f  9 9 - 8  p e r c e n t .  

An NOx c o n c e n t r a t i o n  of  
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011 lower ing  t h e  q u a n t i t y  o f  combust ion a i r  t o  105 p e r c e n t  o f  

s t o i c h i o m e t r i c  t h e  NOx c o n c e n t r a t i o n  a t  t h e  s t a c k  was lowered to  

210 ppm, a r e d u c t i o n  o f  62 p e r c e n t  r e l a t i v e  to  t h e  base  c a s e .  The 

'carbon c o n t e n t  i n  t h e  f l y  a s h  rose t o  13.8 pe rcen t - - a  carbon com- 

b u s t i o n  e f f i c i e n c y  o f  98 p e r c e n t .  F u r t h e r  lower ing  o f  t h e  combustion 

a i r  t o  s t o i c h i o m e t r i c  decreased  the NOx c o n t e n t  t o  105 ppm--a re- 

d u c t i o n  of  81 p e r c e n t .  However t he  carbon c o n t e n t  of  the f l y  a s h  

, r o s e  t o  42.3 p e r c e n t .  These r e s u l t s  a r e  p l o t t e d  a s  c u r v e s  1, 2 ,  

and 4 i n  f i g u r e  7 and t a b u l a t e d  i n  t a b l e  2. 

Two-stage Combustion 

A s  i n d u s t r y  p r e f e r s  t o  o p e r a t e  i t s  p u l v e r i z e d - c o a l - f i r e d  

f u r n a c e s  a t  e x c e s s  a i r  l e v e l s  of  approximate ly  20 p e r c e n t  because 

o f  c o n s i d e r a t i o n s  of  h e a t  t r a n s f e r  and combust ion e f f i c i e n c y ,  it 

was d e c i d e d  t o  ma in ta in  about  20 p e r c e n t  e x c e s s  a i r  and a t  t h e  same 

time t a k e  advantage  of t h e  e f f e c t  o f  reduced  a i r  f low i n  t h e  flame 

on NOx format ion .  T h i s  was accomplished by supply ing  5 p e r c e n t  

e x c e s s  a i r  i n  t h e  pr imary  combust ion zone and i n j e c t i n g  a d d i t i o n a l  

a i r  f o r  secondary  combustion j u s t  beyond t h e  f lame f r o n t ,  a s  shown 

i n  f i g u r e  2 ,  t o  b r i n g  t h e  t o t a l  e x c e s s  a i r  t o  22 p e r c e n t .  The 

i n j e c t e d  a i r  was h e a t e d  t o  1 ,940°  F, t h e  combustion gas tempera ture  
. .  

a t  p o i n t  o f  a d m i t t a n c e  i n  p o r t  3 ,  and d i s p e r s e d  i n  f r o n t  o f  t h e  

I 
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f l ame  zone  th rough  a series 1 /32 - inch  a p e r t u r e s .  This h i g h  p r e h e a t  

was necessa ry  t o  p r e v e n t  quenching  i n  t h i s  s m a l l  u n i t  and would n o t  

b e  n e c e s s a r y  i n  a commerc ia l  i n s t a l l a t i o n .  

a t  t h e  s t a c k  was 210 ppm, a r e d u c t i o n  of 6 2  p e r c e n t  compared t o  t h e  

The c o n c e n t r a t i o n  o f  NO, 

b a s e  c a s e ,  and e q u a l  t o  t h a t  o b t a i n e d  i n  the e a r l i e r  t e s t  u s i n g  a 

t o t a l  o f  105 p e r c e n t  of the s t o i c h i o m e t r i c  a i r  r equ i r emen t .  With 

t h e  above 2 - s t a g e  o p e r a t i o n  t h e  ca rbon  i n  t h e  f l y  a s h  was 6,6 p e r -  

c e n t - - a  ca rbon  combust ion  e f f i c i e n c y  o f  99.2 p e r c e n t .  Comparison 

,of t h e  2 - s t a g e  o p e r a t i o n  w i t h  s i n g l e  s t a g e  o p e r a t i o n  o f  5 and 22 

p e r c e n t  e x c e s s  a i r  i s  shown i n  f i g u r e  7. By i n j e c t i n g  t h e  1 7  p e r c e n t  

a d d i t i o n a l  a i r  i n t o  p o r t  2 r a t h e r  t h a n  p o r t  3 ,  t h e  a i r  e n t e r e d  i n  

t h e  t i p  of t h e  f l ame  r a t h e r  t h a n  downstream o f  the f l ame .  A s  shown 

i n  t a b l e  3 t h e  NO, c o n c e n t r a t i o n  a t  t h e  s t a c k  was 320 ppm, a re- 

d u c t i o n  of  42 p e r c e n t ,  and the ca rbon  i n  t h e  f l y  a s h  was a p p r o x i -  

m a t e l y  t h e  same, 7 .3  p e r c e n t .  For a n o t h e r  comparison a s t o i c h i o -  

m e t r i c  amount of a i r  w a s  a d m i t t e d  i n  the p r imary  combust ion  zone 

w i t h  22 p e r c e n t  a d d i t i o n a l  i n  p o r t  3 ,  

s t ack  was 265 pprn and t h e  carbon i n  t h e  f l y  a s h  1 4 - 6  p e r c e n t .  

The NO, c o n c e n t r a t i o n  a t  t h e  

. I  
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Gas R e c i r c u l a t i o n  

R e c i r c u l a t i o n  o f  f l u e  g a s  i s  used  i n  b o i l e r  o p e r a t i o n  t o  m a i n t a i n  

the rma l  e f f i c i e n c y  under  r educed  l o a d .  A s  r e c i r c u l a t i o n  lowers  t h e  

f lame t empera tu re  it c o u l d  r e s u l t  i n  lower ing  t h e  n i t r o g e n  o x i d e  

c o n c e n t r a t i o n .  To t e s t  t h i s  h y p o t h e s i s ,  f l u e  g a s  was t a k e n  from 

t h e  s t a c k  a t  900' F mixed w i t h  t h e  t e r t i a r y  combust ion  a i r ,  and 

r e t u r n e d  t o  t h e  f u r n a c e  th rough  t h e  t e r t i a r y - a i r  i n l e t  t u b e s .  A 

s k e t c h  of  t h e  r e c y c l e  sys t em i s  shown i n  f i g u r e  a. The volume of  

r e c i r c u l a t e d  gas r anged  from 0 t o  22 p e r c e n t  o f  t h e  t o t a l  com- 

b u s t i o n  a i r .  F l u e  gas a d d i t i o n  i n  t h e  l a r g e r  volumes d e c r e a s e d  

t h e  s t a b i l i t y  of t h e  f lame.  The oxygen c o n t e n t  i n  t h e  combust ion  

zone i n c r e a s e d  and t h e  f l ame  t e m p e r a t u r e  d e c r e a s e d  w i t h  g a s  r e -  

c i r c u l a t i o n .  These  two e f f e c t s  c o u n t e r a c t e d  each  o t h e r  i n  t h e  

f o r m a t i o n  o f  n i t r o g e n  o x i d e s .  Wi thout  g a s  r e c i r c u l a t i o n  t h e  NOx 

c o n c e n t r a t i o n  i n  t h e  s t a c k  was 490 ppm. With 10 and 15 p e r c e n t  

r e c i r c u l a t i o n  t h e r e  was n o  d e c r e a s e  i n  t h e  NO, c o n t e n t  s l t h o u g h  

t h e  flame t empera tu re  d e c r e a s e d  from 2,580' t o  2,490° F. A t  20 

p e r c e n t  r e c i r c u l a t i o n  t h e  NOx c o n t e n t  dropped  t o  420 ppm a d e c r e a s e  

o f  14 p e r c e n t .  The f lame t e m p e r a t u r e  a t  t h i s  h i g h e r  r a t e  o f  g a s  

r e c i r c u l a t i o n  was s t i l l  lower, 2,380° F. This sma l l  d e c r e a s e  i n  

NO, i s  no t  c o n s i d e r e d  s u f f i c i e n t  t o  war ran t  u s e  of  g a s  r e c i r c u l a t i o n  

as  a means of  r e d u c i n g  n i t r o g e n  o x i d e  p o l l u t i o n .  These r e s u l t s  a r e  

g i v e n  i n  t a b l e  4.  

a 
Y 
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- Combustion Temperature 

The e f f e c t  of f lame t empera tu re  i n  t h e  pr imary  cornbustion zone 

upon n i t r o g e n  o x i d e  format ion  was i n v e s t i g a t e d .  The flame tempera- 

t u r e  was v a r i e d  by a d j u s t i n g  t h e  c o a l  feed  r a t e  from 1 t o  4 l b s  o f  

'pu lver ized  c o a l  an hour .  A t  t h e s e  c o a l  r a t e s  t h e  h e a t  f l u x  ranged 

3 from 16,000 t o  72,000 B tu /h r  f t  The h e a t  f l u x  i n  a commercial 

p u l v e r i z e d - c o a l - f i r e d  fu rnace  may range  from 50,000 t o  100,000 

B tu /h r  f t 3 .  The combustion a i r  vas  main ta ined  a t  122 p e r c e n t  of  

s t o i c h i o m e t r i c  r equ i r emen t s .  Flame t empera tu res  measured i n  t h e  

c e n t e r  of  t h e  primary combustion zone were 2 ,230 ,  2,440,  and 2,300° F 

burning c o a l  a t  1,  2 and 4 l b  an  hour .  NOx c o n c e n t r a t i o n s  v a r i e d  

with t h e  c o a l  burning r a t e  and t h e  tempera tures  i n  t h e  fu rnace - -a  

maximum c o n c e n t r a t i o n  o f  330 ppm was ob ta ined  a t  t h e  maximum c o a l  

r a t e .  

f lowing through t h e  fu rnace .  S t ack  c o n c e n t r a t i o n s  of NOx were 320, 

550, and 745 ppm, r e s p e c t i v e l y .  A t  1 l b  of  c o a l  an hour combustion 

NOx c o n c e n t r a t i o n s  dropped as t h e  combustion gas  was coo led  

zas  t empera tu res  dropped r a t h e r  r a p i d l y  i n  t h e  system r e s u l t i n g  i n  

t h e  h ighe r  carbon c o n t e n t  i n  t h e  a sh  of  13 .3  p e r c e n t .  These r e s u l t s  

a r e  z i v e n  i n  t a b l e  5 and p l o t t e d  Ln f i g u r e  9.  

t h e  c o a l  burn ing  r a t e  i n c r e a s e s  t h e  tempera ture  of combust ion ,  o t h e r  

Although i n c r e a s i n g  

secondary e f f e c t s  such a s  gas  res ;dence  time and i n t e n s i t y  of  

r a d i a t i o n  may a l s o  p l ay  a r o l e  i n  n i t r o g e n  ox ides  fo rma t ion .  

, 
7 
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CONCLUSIONS 

1. I n  p u l v e r i z e d - c o a l  combust ion  t h e  c o n c e n t r a t i o n  o f  n i t r o g e n  

o x i d e s  i n  t h e  s t a c k  v a r i e s  d i r e c t l y  w i t h  excess  a i r  and t h e  f lame 

t empera tu re .  Al though t h e  NOx c o n c e n t r a t i o n  i n  t h e  f u r n a c e  e f f l u e n t  

f e l l  a s  t h e  amount o f  e x c e s s  a i r  was lowered ,  t h e  combustion 

e f f i c i e n c y  was a d v e r s e l y  a f f e c t e d  and v e r y  l i k e l y  i n  a commercial 

i n s t a l l a t i o n  t h e  r a t e  o f  h e a t  t r a n s f e r  a c r o s s  h e a t - a b s o r b i n g  s u r f a c e s  

would be  s i m i l a r l y  a f f e c t e d .  A t  5 - p e r c e n t  e x c e s s  a i r  f e d  t o  t h e  

p r imary  combust ion  zone  compared w i t h  22 p e r c e n t ,  a 62 -pe rcen t  

r e d u c t i o n  of NOx was o b t a i n e d  a t  ca rbon  combustion e f f i c i e n c i e s  o f  

98 p e r c e n t .  

2 .  By s u p p l y i n g  5 - p e r c e n t  e x c e s s  a i r  t o  t h e  p r imary  combustion 

zone and a n  a d d i t i o n a l  1 7  p e r c e n t  i n j e c t e d  j u s t  beyond t h e  flame 

f r o n t  t h e  same r e d u c t i o n  i n  NO, was o b t a i n e d  as  by o p e r a t i n g  a t  a 

t o t a l  o f  o n l y  105 p e r c e n t  of  s t o i c h i o m e t r i c  a i r .  I n  a d d i t i o n  t h e  

carbon combustion e f f i c i e n c y  was improved--achiev ing  99 .2  p e r c e n t .  

With t h i s  i n j e c t i o n  t e c h n i q u e  not  o n l y  i s  a s u b s t a n t i a l  r e d u c t i o n  

i n  n i t r o g e n  o x i d e s  o b t a i n e d  b u t  as  t h e  same amount o f  a i r  i s  used  

a s  i n  c o n v e n t i o n a l  c o a l - b u r n i n g  p l a n t s  no s i g n i f i c a n t  change i n  

equipment i s  r e q u i r e d  and t h e  same r a t e  of  h e a t  t r a n s f e r  i s  expec ted .  

3 .  Gas r e c i r c u l a t i o n  was not  e f f e c t i v e  a s  a means o f  lower ing  

n i t r o g e n  o x i d e s  f o r m a t i o n .  No s i z e a b l e  r e d u c t i o n  was o b t a i n e d  w i t h  

g a s  r e c i r c u l a t i o n  r a t e s  a s  h igh  a s  22 p e r c e n t  o f  t h e  combclstion 

a i r  r a t e s .  
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